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lonization and Emission Spectra of the Photofragments of Allene Excited at 193 nm
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The ionic and luminous photofragments of allene excited with a single focused laser beam at 193 nm are
detected using time-of-flight mass spectrometry and dispersed emission spectroscopy, respectively. The major
ionic products detected aresC C,*, and C. The vyields of GH," (n = 1-3) are minor compared to the
carbon ions. For the emission spectra, theS®an system @I, — &I1,), the G Mulliken system (BZ,*

— X1Z;M), CH(A2A — X2IT), and an atomic line corresponding to the C(2{33$ — C(2p* !S) transition are

the major features observed. The vibrational population in t{e*0,) state is found inverted to a thermal
equilibrium distribution. The laser-power dependence of each photofragment is measured, from which
multiphoton dissociation and ionization mechanisms of allene are proposed. A kinetic model is developed to
further illuminate the photodissociation mechanisms. Although @ = 1—3) ions are the major species
observed in the present photodissociation experimej,’'C(n = 1—4) are most abundant in the electron
impact of allene. The hydrogen elimination and carboarbon bond rupture in the photodissociation of
allene at 193 nm, with Cand GH, (n = 1—3) photofragments, are concluded to precede the competing
multiphoton ionization process, in producingHz", within the laser flux €2.7 x 10?% photons cm? s7?)

used in this experiment.

1. Introduction electronic states of 4£1,, (h = 1—4) to investigate a variety of
dissociation channef8:3Our most recent experimental stddy
has demonstrated that the primary photodissociations of allene

Hnd propyne are markedly different and that no isomerization
occurs in the primary process.

This study detected the ionic and luminous photofragments

Allene (H,C=C=CH,) is an important hydrocarbon in
combustion chemistry and astrophysics because of its role as
precursor of many key species, such asl§; CsH,, C3H, and
Cs. For instance, ¢Hs has been discovered to play a role in
soot formation in combustion processe& C3H, and GH have

been observed in many interstellar mediim&. Cs is well- of allene excited with a single focused ArF laser beam at 193
known for its importance in cometary scierféeThe isomer- M. According to the calculatior®$, three singlet excited
ization of GH, (n = 1—4) among different isomers has also €lectronic states of allenéA,, 'B,, and'E could absorb 193
attracted many theoretical and experimental stutlied. A nm photons, and the initial excitation is to a state allowed by
substantial body of infrared and microwave spectroscopy of V|bro'n|c.|ntgract'|on. An ArF I.aser'served as a photodissociation
these species has been investigated in the past detaties2’ and ionization light source in this study. Laser-power depen-

However, electronic spectroscddy?! results and studies of the ~ dence measurements reveal the mechanisms accounting for the
photodissociation dynamics for allene and its photofragments COmpetition between dissociation and ionization in the excited
are scanty. states of allene and its photofragments. The major products
Jackson et & and Sun et a3 measured the translational Observed are neutral carbons (G),Garbon ions (', C,*,
energy distribution of the photofragments of allene at 193 nm C"). and the hydrocarbon of CH. The yields of the hydrocarbon
in a molecular beam. According to their resultstHgand GH, ions of GH," (n = 1-4) are relatively low compared with the
are the major products in the primary dissociation. Under a yields of abundant carbon ions. All the observed products are
similar experimental condition, Song et al. reported the same generated by multiphoton processes. A kinetic model was
internal state distribution of §resulting from the photolysis of ~ developed to interpret the laser-power dependence of each
the geometric isomers of allene and propyne using laser-inducedPhotofragment and to illuminate the photodissociation/ionization
fluorescence spectroscopThey proposed that{Js produced ~ mechanisms of allene.
via the secondary photodissociation from the fragmentz6f,C The rest of this paper is organized as follows. Section 2
Mebel and co-workers performed ab initio calculations for the describes the experimental details. Section 3 presents the
observed ionization and emission spectra and the laser-power
* To whom correspondence should be sent. Address: Institute of Atomic dependence measurement for each photofragment. Next, section
E’_‘%gﬁ"i‘igg fgeﬂgﬁz xzﬁnﬁg""e ghn't‘;\?v l': 5?3885);_223925%536%' Taiwan. 4 provides a kinetic model for the photodissociation/ionization
T Institute of At'?,mi;: and Molecular Sciences. ' mechanisms of allene. Finally, conclusions are addressed in
* Department of Chemistry, National Taiwan University. section 5.
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Figure 1. Schematic diagram of the experimental setup for time-of-
flight mass spectrometry: MSP, microsphere plate; PD, photodiode;
S, source chamber.

2. Experiment

2.1. Time-of-Flight Spectra.The experiment for the ioniza-

Chang et al.

dispersed emission spectra in the photodissociation of allene
was performed in an evacuated stainless steel edl0f cm?®).

The pressure of the flowing allene/He mixture, measured by a
capacitance manometer (MKS, Baratron), was maintained at
~250 mTorr. The ArF laser was focused into the cell by a lens
(f= 20 cm). The emitted light in the photodissociation of allene
was directed at a right angle into a monochromator (Acton,
SpectraPro-500) and was detected by a charge-coupled device
(CCD) with 330 x 1100 pixels (Princeton Instruments, TE/
CCD-1100PF/UV). The spectral dispersion wa40 nm in a
window frame of the CCD; thus, the resolutiomi8.6 x 1072
nm/pixel. The spectral resolution in this experiment, however,
was determined by the slit width of the monochromator and
was measured to be G4.6 nm. A software (Princeton
Instruments, CSMA) was used for controlling the gratings and
acquiring dispersed emission spectra. Each spectrum was
averaged for 200 laser shots.

2.3. Laser-Power Dependence of Photofragmentslo
derive the power dependence of the ionic photofragments, laser
energy was measured using a photodiode and was calibrated
applying an energy meter (Ophir, PE-50) at the entrance of the
vacuum chamber following each experiment. Both the signal

tion spectroscopy of allene was performed using a time-of-flight outputs from photodiode and MSP were integrated through the
(TOF) mass spectrometer. The TOF spectrometer consists ofyse of boxcar averagers (Stanford Research, SR250). The
two vacuum chambers; one acts as a source chamber and thgyeraged signals were digitized by an A/D converter, and the
other provides room for photodissociation/ionization/TOF (Fig- digitized conversions were recorded using a personal computer

ure 1). The source chamber was evacuated tox11®° Torr
employing a turbomolecular pump (Seiko Seiki, STP-H1000C)
backed with a mechanical pump (Edwards, E2M40). The
molecular beam in this chamber was controlled by a pulsed
valve (General Valve, 0.5 mm orifice) and was collimated
downstream (3 cm) by a conical skimmer4 1.3 mm). The
skimmed molecular beam, after a flight of 5 cm in the TOF

in real time. Each data point was averaged for 10 measurements.
Specifically in the emission experiments, the power depen-

dence of the luminous £Swan system was measured by a

photomultiplier tube (Hamamatsu, R943-02) screened with a

glass filter (ESCO, GG-475) to collect emitting light df>

475 nm. For the €Mulliken system, the CH(AA — X2I1)

transition and the atomic transition of C(2p®8) — C(21? 1S),

chamber, interacts with a focused photodissociation/ionization |aser-power dependencies were analyzed from the peak areas

laser beam. With differential pumping, the TOF chamber was
evacuated to 2.% 1077 Torr using another turbomolecular
pump (Seiko Seiki, STP-400). A set of Wiley-McClaren pl&tes

in dispersed emission spectra. The laser energy was calibrated
in a similar way as the ionic photofragments were calibrated,
as previously described.

was used to accelerate ions, in the direction perpendicular to  The excited photofragments, responsible for the observed

both molecular and laser beams, through the field-free TOF tube

emission spectra in the present experiment, were produced via

(50 cm). A microsphere plate (MSP, EI-Mul) was used for the 5 cqjisionless process. The support for this interpretation was

ion detection. The output signals from the MSP were recorded

through the use of a digital oscilloscope (LeCroy, 9344); the

recordings were then transferred to a personal computer for datg,¢

acquisition.

obtained by examining the temporal behavior of the emission.
Within the time resolution of the photomultiplier tube (rise time
~3 ns), the signal directly followed the laser pulse.

The allene sample (Fluka, 90%) was vaporized and transferreds raqyits

into a cylinder in a vacuum system to remove the nonvolatile
impurities. The sample was premixed with He (99.999%) to

3.1. TOF Spectra.A typical TOF spectrum for the excitation

form a 10% mixture. The stagnation pressure was maintainedof allene at 193 nm is demonstrated in Figure 2. The major
at 2 atm by a pressure regulator. The purity of the mixed gas ionic products are €, C,*, and C'. The yields of GH," (n =
was ensured by an electron-impact ionization/quadrupole massl—3) are minor compared with the carbon ion yield. A small

spectrometric examination. The pulse duration of the 10 Hz
molecular beam was'180us. The pressure in the source and
the TOF chambers increased during operation to>1.5073
and 4.5 x 1076 Torr, respectively. The photodissociation/
ionization laser beam (193 nm, 15 ns) is the output of an ArF

amount of GH™ is also observed. The signals of the parent
molecular ion (GH4) and the hydrogen ion (H are very small
and were observed only occasionally within the laser fle.{
x 10?8 photons cm? s71) used in this experiment.

3.2. Emission SpectraThe dispersed emission spectra taken

excimer laser (Lumonics, EX-742). The laser was shaped by ain the photodissociation of allene excited with a focused 193

circular iris ( ~ 1.5 cm) and focused into the chamber by a
spherical lensf(= 25 cm). The focal area of the ArF laser was
measured to be 0.6 0.2 mn? with 0—5 mJ/pulse. Under these

nm laser beam are displayed in Figure 3. These spectra can be
divided into four categorie® 42 (a) the G Mulliken system
(DI=,T — X1Z4T) at 231 nm; (b) an atomic line corresponding

experimental conditions, laser energy of 1 mJ corresponds to ato C(2p3stP°) — C(2p* 1S) at 247.9 nm (Figure 3a), which is

flux of ~5.4 x 10?5 photons cm? s™1 in the focal region. The

much narrower than any other band observed in this experiment;

time sequence between laser and molecular beams was confc) the CH(&ZA — X2I1) transition degraded to the violet and

trolled by a digital delay/pulse generator (Stanford Research,

DG535).
2.2. Emission Spectra The experiment for acquiring the

headed at 431 nm; (d) the most intenseSWvan system @1,
— &[1,,) from 430 to 630 nm (Figure 3b). The famous cometary
bands of G around 405 nm were not observBdlhe emission
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Figure 4. Vibrational population distribution of the Z°I1y) photo-
fragment.
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Figure 2. Typical time-of-flight mass spectrum of allene excited at
193 nm.
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Figure 3. Dispersed emission spectra of allene excited at 193 nm.
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Figure 5. Laser-power dependence of the(€Ily) photofragment.
The solid line in (b) is a linear fit of the experimental data.

from the same sequencé{ = —1) where the peaks for analysis
are well resolved. The population is obtained from the band-

band at 231 nm has been identified as belonging to the C head intensities divided by the Frane€ondon factor® and
Mulliken system rather than the,B, A*A, — XZ4" transition
according to a simulated spectral line shape obtained by usingwith the results from other sequenceés/(= 0 and—2) where
well-determined spectroscopic constants. The assignment forfewer peaks were resolved. The vibrational population in C
the CH(AA — X2II) transition is also based on a simulated (d®[1g), as depicted in Figure 4, is found to be inverted to a
line shape of the corresponding transition. Moreover, the slope thermal equilibrium distribution. The vibrational distribution
of 1.8 in the laser-power dependence for this peak is different from ' = 7 to ' = 12 is not attempted in the present study
from that of 3.0 for the nearby £Swan system, as will be

discussed in section 4.2.

Each peak of the £Swan system can be definitely assigned

as displayed in Figure 3%.The spectrum primarily consists of
five vibrational sequences (i.eAv = —2, —1, 0, 1, 2)
corresponding to the transitions between tiElgand &I1,
states of G. The highest vibrational level of the;@FI1,) state
observed in this experimentis = 12. The relative vibrational
population distribution up to’ = 6 in the G(d°I1y) state is
determined as depicted in Figure 4. The population is calculated6—8. The power dependence measurements for the major

the frequency factor af®. The calculated population also agrees

because these bands are headless and seriously overlapped each
other under the spectral resolution in this study.

3.3. Laser-Power Dependence of Photofragmenté/e have
measured the laser-power dependence of each ionic and
luminous photofragment. As an example, the power dependence
of the total fluorescence of the;Gwan system is illustrated in
Figure 5a. A log-log plot of signal intensity versus laser energy
with a slope of 3.0+ 0.1 is presented in Figure 5b. Similar
illustrations for selected photofragments are displayed in Figures
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photofragments. The solid lines result from the simulation withota)

(CaHs") = 5.9 x 10 cn?, (b) o(CeH2") = 1 x 1078 cn?, and other  photons are involved in the reaction processes. In discussing
parameters listed in Table 2. the power dependence of the product yields, a kinetic model
including a set of coupled differential equations appropriate for

photofragments and the slopes from 4dgg plots of signal describing the reaction mechanisms will be helpfdrhis model
intensity versus laser energy are summarized in Table 1. The,¢ built, and we have solved the equations in section 4.1 to

slopes were analyzed in the relatively low-energy region, where jjjyminate the photodissociation/ionization mechanisms of al-
the experimental data fit very closely to a straight line (€.9., |epe.

Figure 5b).

At the limit of low laser fI_ux,_ the slope from the power  , Hic.ission
dependence measurement indicates the number of photons
needed to yield the corresponding photofragniéiitis indica- 4.1. Kinetic Model. The slope value measured from the
tion is not necessarily true in this experiment, however, becausepower dependence will not follow thé€ law in an n-photon
of the possible optical saturation in high energy flux of the proces&'if the laser flux is beyond the low-flux limit or if other
focused laser beam. Instead, the measured photon number shouldompeting channels (e.g., dissociation versus ionization) are
be regarded as indicating a lower limit in deducing how many involved in the process. In this experiment, the observed
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TABLE 1: Major lonic and Luminous Photofragments Observed in the Photodissociation/lonization of Allene Excited at 193
nm

photons

photofragment sloge proposed mechanigm needed
Cst 29+0.1 CaHa— CsHy, — C3— G5t 4
Co" 3.6+0.1 CsHy — CaHy —> C3— Cst — Co* 5
c* 3.9+0.1 CaHs— CsHy—> C3= G5 — C+ 5
CH(A?A) 1.3+0.1 CgH4_’C3H3_.'CH(A) 2
Cy(d®ITg) 3.0£0.1 CaHs — CaHa > Ca = Cy(d) 4
Cy(D1Z,Y) 1.9+ 0.1 CaHs — CsHy N Co(D) 3
C(2p3stP?) 42+0.1 CsHy — CsHy, — C3 = C('D) — C(P) 5

aThe slopes are measured from laser-power dependere@and= symbolizing one- and two-photon excitations, respectively. The dot symbol
above the arrow indicates an optical saturation in the corresponding préd@éssneeded photon number based on the proposed mechanisms
without optical saturation.

products resulted from the photodissociation and ionization of  Equations 4 can be solved with the initial conditions of
allene. To interpret the measured laser-power dependence, a&(0) = Xo, A(0) = Ai(0) = Bo(0) = O (i.e., at the beginning,
kinetic model based on the possible photodissociation/ionization = 0, only the parent molecules exist with number denXy.
mechanisms of allene is proposed. A schematic diagram of theThe solutions are
kinetic model is depicted in Figure 9.

The parent molecule (X) absorbs one photon to reach an

— _ T _ —I1T
excited state (A). Following the excitation, the fragmentation X= r,— rz[(rl x) e (=xe ™ ®)
of A with rate constank; can occur to form B or the ionization
of A by absorbing one more photon to form.ther decay 2% St
channels from A, such as internal conversion, intersystem = ﬁ( —e ™) (6)
crossing, and fragmentation to form other products, are repre- v
sented by an effective rate constdat, As a result of the high Xy [1—e™@ 11—
power of the short-pulsed laser in the present experiment, only A= — ) (7)
the absorption and stimulated-emission processes were taken h=r 2 My
into account; the spontaneous emission was neglected because K o .
of its relatively slower rate. Herein, the absorption and B.= X (1-e _1l-e ) (8)
stimulated-emission rates are assumed to be the same. Similar O -1, ry r

processes are proposed for the primary fragment B. The

excitation of B to C and the ionization and dissociation of C In €ds 5-8,

are depicted in Figure 9. The photodissociation ofi@hs 1 . 5

generated from the primary fragment B was also considered. r; = é[(zx +k +k'+a)+ \/4;( + (K + k' +0)T (9)

The corresponding levels arg C: and D as presented in Figure

9. So far, this model is sufficient to describe the power gpq

dependence for all ionic and neutral photofragments generated

in the primary and secondary reactions in a usual UV-photolysis

experiment. In addition, a two-photon ionization process, for

the secondary fragment D was added to the model to specifically ) ]

account for the €+ 2hwieznm— Cs* in this experiment, as Similarly, the rate equations for the primary fragment B can

discussed in section 4.2.1. be represented as
Under the laser excitation with homogeneous rectangular

ry=ol(2 + kK +0) = 4+ (k + k' + )] (10)

pulse duration of, the following rate equations for the levels B=kA—fB+/C (11)
X, A, Aj, and B were set up (Figure 9): ¢C=p8B—AC— (k, + k' + 7)C (12)
X=—yX+yA 1 :
| o @ Co=1C (13)
A=yX—yA— (k; + k' + ®)A 2 .
X = xA = (kK k' +a) 2 By = k,C (14)
A=A 3

whereCj, andDg are the nascent number densities of the primary
B = KA 4) ion G and the secondary fragment D, respectively. With the
0 initial conditions ofB(0) = C(0) = Cip(0) = Do(0) = 0, the

e solutions are
whereX, A, andA; are the number densities in molecular states

X, A, and A, respectively. The dots in equations denote the _ —s1 _ —s7
differentiation with respect to time (e.g{,= dX/dt). By is the B= klxxoll s —pe — (—pe

initial number density of fragment B generated from A= S — S'zl(rl —s)(r—s) (rp—s)(r—s)

oxF and o = oaF represent the absorption rates, wherés Kk 45 —B-r)e'™ T B P
the laser flux (photons cmi s71) andoy andoa are absorption %o [(Sl S F—1) - &its—fr)
cross sections (cfhfor molecular states X and A, respectively. "1~ rzl (81— (s, 1) (si—rd(s,—ry

By this definition,y, o, k, andk' are all in the unit of sk
his definiti k, andk Il'in th it of st 15
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c— Ky Xq[ e e "
S =8| - —s) (1 —s)(,—s)

kﬁxxo[ e ' e (16)

(s )& T)  (s— (s )

_ klﬁyxxo[ 1-e%  1-
O s s s -9 -s) s Sl)(rz SN

KByaXf  1-e™  1-e'™ a7

= |ro(S = 1)(S, = 1) Ta(S = 1)(S, — 1)

D. — KkBuX[ 1-e _
° s s s -8, s)

1-e™ . KkByXo|  1-e
S(r = s)(r, — ) =" lrz(r s)(r, —s)
1—g'r
T ] (18)
where
(2,B+k Kk, ) + 4B+ (K + kg + )]
(19)
and

——[(2,8+k Ky +y) = 4B+ (ko + K+ 9)]
(20)

If the photofragment D is ionized with a two-photon excitation
(Figure 9), the rate equations for D and é&an be written as

D =k,C— 6D (21)
and
D=0D (22)

With the initial conditions ofD(0) =
are

e ot
P = MY o), = 0)(s, — O)(s, — a)] *
KX )
ST |.((3 —8)(r—8)(, — )
e
6~ )0, — ), sl)] i
KX o )
=r 0= 1)(s—r)s— )
e Nt

O=r)s—r)&—r)

(23)

Di(0) = 0, the solutions

Chang et al.

1 _ e*é‘r
B = =0y, — o)(s — )& — 0)]
kkBorX 1 & )
ST [S(0 =) =)~ S)
l1—e™ ] n
50— )1 — ), — )
KXo e )
=12 10 —r)(s — 1)(S, — 1)
1—e'™”
(0 —r)(s; —ry(s, -

: 1)] (24)

For the subsequent photodissociation fr@m(Figure 9), we
have

C =yC— ¢C + ¢C (25)
Ci = ¢C, — ¢C; + (k3 + k)G (26)
Df = kG (27)

With the initial conditions ofC;(0) = C(0) =
solutions are

D{0) = 0, the

| (-9 )
B |_(r U)(rp — Up)(Sy — Up)(S; — Up)
(u,—¢)e ™
—U)(r; — ug)(sy — (s, — U1)
kﬁVXXo Ut+tuw—¢p—s)e™
S1 =S [(ry = $)(r, = (U = s)(U, —
(Ltu—¢g-—s)e™ ]+
(ry = sp(r; = sp(uy — sy)(u, —
kiByaXo (Wtu—¢g-—ry)e™
=T | (s = r)(S = (U — rp)(U, — 1)
U +u,—¢p-r)e™
(sp = r)(s, = r(uy — ry(u, —ry)

] (28)

KBy dxXo[ e B
U= Uy |(12 = U)(r, — WS — Uo)(s, — )

—UyT

e

(ry = u(ry — u(s; — U(s; — Uy

kBydxXo e

SIS (=) = s)(uy — %)(Uzl_ )

e

(ry = s)(rp = sp(uy — sp(U, — )
kBydxXo e

rp =Ty | (Sp = 1S — 1)Uy —

—rT

e

ro(U —rou, —ry)

Cf =

+

+

(U, — 1)

e (29)
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klkaﬂy@gxof 1— gl leading to the simultaneous or sequential formation g€%T1,)
= _ - with three-photon excitation. If no appropriate reaction channels
u—u — — — —
v |-u2(r1 Wz — W)(S — W)(s, — W) can be suggested under the constraint of three-photon steps, the

f

1—e" + study seeks a four-photon excitation on the assumption that there
Uy(ry — up)(ry, — u)(s; — u)(s, — uy) is an optical saturation in a particular process. The assumption
K.k - i is examined later by simulating laser-power dependence using
Ky Pr% 1-e - the kinetic model derived in section 4.1.
Si7% [Sry =)~ )(Uy — (U, — s) 4.2.1. G*. The possible precursors for the most abundant
1—e 7 n ionic product, G*, in the photodissociation/ionization ot
si(fy = S)(r, — S)(Uy — S)(U — 5) e
KikaBy %o 1-e'™ _ C,—C,'+e, AH=12.0eV (33)
=T [ra(S = (S, — 1) (g — o) (U — 1)
1— e CH—C,"+H+e, AH=1411eV  (34)

(30)
r - r —ry)u, —r)u, —r ] 3
(St = 1S = Uy — r(u, — ry) CH,—C;f +H,+e, AH=1459eV  (35)
where

CH;—C,"+H,+H+e, AH=18.77eV (36)

u, = %[(2¢ kg + k) + 407+ (g + k)T (31) and

and CH,—C,h +2H,+e, AH=182eV (37

u, = %[(2(]5 + ks + ky) — /49" + (ks + k)] (32) AH's are calculated from the energies of the neutral species
and the experimental ionization potential of. The energies

of the neutral species are adopted from the ab initio values
reported by Mebel et & The adiabatic ionization potential of
Cs is less certain. Rohlfing et al. measured the ionization
potential of G (9.98-11.61 eV) using the photoionization of
carbon clusters with TOF mass analy$iamanathan et al.

In the preceding equations,a, 3, y, 0, and¢ are associated
with laser flux and absorption cross sections. The laser pulse
duration ¢), laser flux, and the number density of parent
molecules Xp) are derived from the experimental condition. If

the absorption cross sections and rate constdkandk’) are - e >
P k) have determined the ionization potential of 12.97 + 0.1

known, the yield of each photofragment relating to the applied

laser energy can be calculated from the preceding equations. IneV) _through the use of chargejtrz?msfer meth‘t?dlslowev_er, .
case only partial parameters are known, computer simulation !_er_mre_ etal. repqrted an upper limit (12'.0 e_V) f_or the adiabatic
for the kinetic model, in comparison to experimental data, can !onlzatlon pozgntla.l of @ from resonant ionization spectra of
still provide qualitative information concerning branching Jet-cooled G#” This study takes the value of 12.0 eV for
reactions.

analysis.
To apply the kinetic model to the photodissociation/ionization Examining the precursors in eqs-3a7, at least three photons

of allene (GHa), we set X= CsHa, A; = CaHa™, B = CsHa or (193 nm~ 6.42 eV) are needed to prod.uc.g+0rom C_3Hn (_n
CaHa, C = CaHs* or GgH,*. Level A may correspond to the = 1—4). However, any two-photon .ex0|tat|o+n ofld, in this
S or S, electronic state of @,, as discussed by Jackson et exper|m4e8nt can Ieaij to the fggrmanon Oﬁi{; “P(Cizg) N
al 3% The primary photofragment is eitheglds or C3Hp, on the 9.69 eV, IP(CaHa) = 8'67_ eVi” IP(GHy) = _10'43 evs _'P'_
basis of the observation by Jackson e2aind Sun et a3 Level (CeH) =9.06 e\,‘s].fAﬁc%gjlﬁg to lthe ele(‘grorgmpact fIOEIZ&'[IOI’I

: ; : trum of allen@the relative abundance of the ionic
C can be an excited electronic state gHgor C3H,. According mass spec i -
to Jackson et a2 the secondary photodissociation of allene T@gments is @*4:/C3H3+/C3H2+/C3H+ = 100.0/89.6/34.4/27.0,
with the primary photofragment of 1 can lead to GH, + wherg the GH, _ions are conS|derany stable under the
H, CsH + Hy, and GH, + CH. The secondary photodissociation collisionless conqmon I a vacuum. In view of the Wew
of allene via GH,, results in G + H,, C,H + CH, and GH,, + and strong @' signals in the present experiment (Figure 2),

C. Any of these photofragments can be defined as D in this |Ck3H|“ is Lé)nlikel)_/ tod 28 the prgﬁursor Off‘ Instead_, Q is
model. As mentioned earlier, s specifically designed to ikely to be ionized from G with a two-photon excitation as

represent the most abundant ionic fragment £fi@ this study, represented in eq 33. . . o
which comes from @with a two-photon excitation as will be Song et al. measured the internal-state population distribution
discussed in section 4.2.1 of C3 from the photolysis of allene at 193 nthAccording to

4.2. Photodissociation and lonization MechanismsThis the|r results, G is populated in the (0.' 0, 0) gnd 0, 1, 0)
section proposes the photodissociation/ionization mechanismsYiPrational states of the ground electronic potential. Jackson and
of allene that lead to the formation of the observed ionic and co-workers_ proposed 'ghe 3r;1echan|sm for producing &6
luminous products. The feasibility of the proposed photodisso- expressed in the following
ciation/ionizati_on processes is decided exclusively from the CH,— CH, + H, AH=3.60eV (38)
thermodynamic point of view. In other words, the proposed
reaction processes were selected without considering activationy,q
energy. The multiphoton energy available in the reactions was
determined from the power-dependence experiments. For ex- CH,—~C;+H, AH=259eV (39)
ample, the measured power dependence of #{d°lly) state
indicates that at least three photons are involved in the reaction.On the basis of this mechanism and the argument thati<C
The study examines the possible reaction channels b, C  ionized from G, the conclusion is that £ resulted from the
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[ cAC are 11.3531and 11.26 e\#! respectively. The heats of formation
25 r—3- " + +
: o) of C;™ and C" from G5t are
- + +
2oL C, —C,”+C, AH=6.81eV (40)
S [ S
2 c'| |edaproce and
> 15[ C,(D}*CH, ;
o ! C,+C(D) +_, + —
5 C.ACEP) C, C,+C", AH=6.78¢eV (412)
C .
t CH . )
w10 F CH |- The energy corresponding to a single photon at 193 nm (6.42
.02’ [ 193 n eV) is not enough to make possible the reactions in egs 40 and
© sf T po 41 if the G* ions are populated in the ground state. However,
&J L e if the internal energy of € exceeds 0.4 eV, both reaction
C,H,+H, channels are energetically feasible. In the two-photon ionization
ol of Czat 193 nm, at least 0.84 eV is left over. The leftover energy
CsHa can be deposited to the ejected electron or the ionizgd 16
Figure 10. Energy diagram for the reaction channels frogHgvia the latter energy deposition,sCis likely to gain its internal

CsH.,. Arrows are used to scale a single-photon energy at 193 nm. energy and thus make the reactions in eqs 40 and 41 possible.
Chemical species are located at their ground states unless otherwise The slopes of € and C' in the power-dependence measure-
specified. ments are approximately one unit more than that £f @able
1), consistent with the proposed mechanism thgt &d C
photodissociation/ionization of#4 via the channels of eqs 38,  are generated from the one-photon excitation of internally hot
39, and 33, requiring four photons in the processes (Figure 10).c,* (Figure 10). The difference in the slopes of'Q(3.6 +
Nevertheless, the power-dependence measuremeng’of C 0.1) and C (3.9 + 0.1), especially at higher laser flux (Figure
indicates a slope of 2.9, which is approximately one unit less 6), may be attributed to further fragmentation of Gi.e., G+
than proposed (Table 1). Although the (one-photon) absorption — C + C*) in the high-flux region.
cross sections of 1, and G at 193 nm have not yet been 4.2.3. GH," (n = 1—4). The laser-power dependencies of
measured, & 1071° cn? has been determined for alleffaith CsHst and GH,* are presented in Figure 7. ThetG™ and
this cross section and the laser flux used in this experiment, C;H,* signals are more easily saturated thaf ¢h = 1-3)
optical saturation should not occur for allene in eq 38. As (Figure 6) under the present experimental condition. At a laser
estimated, the two-photon absorption cross section§@t@93  energy of~3 mJ, the GHs" signal intensity becomes saturated,
nmis 1048—10"54cnt* s as is usual for most molecul@dnder but GH,™ begins to decrease. This clearly suggests a larger
this estimation, saturation could not occur fari€eq 33 either. absorption cross section forld," than for GHs* at 193 nm.
Alternatively, saturation may occur in eq 39; i.e., the (one- The larger cross section may trigger other reactionsgi,C,
photon) absorption cross section ofHG at 193 nm is large.  resulting in the depletion of its population. The laser-power
Despite lacking the absorption value at 193 nm, the matrix- dependence of 48" closely resembles that ofz8s+ (Figure
isolation spectra for different 48, isomers have all shown  7a), except that it becomes saturated at a slightly higher energy
strong vibronic transitions around 200 ##iThe saturation can  |evel (~3.5 mJ).
be further rationalized through the use of a computer simulation  This study simulated the laser-power dependenciesld§C
( eq 24) of the power dependence of'C following the and GH,* by using eq 28, where the photodissociations of
mechanisms of eqgs 38, 39, and 33. CsHs™ and GH," have been included. The solid lines along
In our simulation, X is used as an adjusting parameter and the experimental data points in Figure 7 denote the simulation
the dissociations in eqs 38 and 39 are assumed to take place omesults. The correlation is good whe(CzHs*) = 5.9 x 10719

the order of +10° picoseconds (i.e., rate constamts10°— cn? ando(CsH,™) = 1.0 x 10718 cn? are assumed (Table 2).
10'2 s71). The ionization cross sections for the electronically The absorption cross section fogtG* at 193 nm is indeed
excited GH4 and GH; are assumed to be smatt§ x 1021 greater than that for ££13™, as mentioned earlier.

cn®), in accordance with the low yields of;84" and GH," The yields of GH,t (n = 1-3) are relatively low (Figure

observed in this experiment. The simulation result, as illustrated 2). The signal of @H4" is even smaller. In contrast, the relative
in Figure 6 by the solid line along<C, closely corresponds to  abundance in the electron-impact ionization of aff@iseCsH, ™/
the experimental data, when the absorption cross sectiogtf C =~ CaHs*/CaH,/CaHT = 100.0/89.6/34.4/27.0, in which the parent
at 193 nm is set to be larger than 1.8 10°17 cm?® This ion is most abundant. The distinctively different experimental
agreement is rewarding and suggests that the optical saturatiorresults between the laser-induced dissociation/ionization at 193
in ref 39 indeed exists under the present experimental conditions.nm and the electron-impact ionization reveal that the dissociation
The numerical values for the absorption cross sections andof CsH, (n = 1—4) is more favorable in competing against the
dissociation rate constants used in the simulation are listed inmultiphoton ionization process within the laser energy used in
Table 2. Owing to lack of information about the photodisso- this experiment.
ciation/ionization of allene, many absorption cross sections and  The lack of GH,4" signal in the two-photon ionization ofs8,
dissociation rates in the mechanisms are unknown. The simula-could be due to (a) extremely weak transition moment, (b) fast
tions throughout this study have been obtained mainly as “ordersdissociation in the intermediate state, or (c) fast fragmentation
of magnitude” for the parameters, as listed in Table 2. of C3H4™. The simulation discovered that < 1f s71 (Figure
4.2.2. G, C'. The laser-power dependencies oftGind 9), which is much smaller than the dissociation rates of the
C* are displayed in Figure 6. The rising behavior agf"Gnd excited GH4 (10°—10'2 s™1). Therefore, both (a) and (b)
C* presented in Figure 6 are very similar in the low-flux region, appropriately account for the very weakHG" signal. Although
indicating that they might be produced simultaneously from the the appearance potential ofiz" determined from the photo-
same precursor, ££. The ionization potentials for £and C ionization of allene is 12.27 e®, which suggests that the
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TABLE 2: Absorption Cross Sections and Dissociation Rate Constants Used in Simulation

parameter CaHs*tP CH(A2A)P CgHy* e Cste Cy(DZ,Y)°
o(B) 6 x 10718 6 x 10718 1.8x 10°Y 1.8x 107 1.8x 10°Y
o(C) 5.9x 10°% 1x 10718
o(D) 1x 10
ki 5x 101 5x 101 1x 101 1x 101 1x 101
ki’ 1x 101 1x 101 5x 101 5x 101 5x 101
ks 1x 104 1 % 101

2 For each photofragment(X) = 6 x 1071 o(A) = 0(C) = 6 x 107, k, = k'/5 =1 x 104, andks' = 0. The units foro andk are cnf and
s71, respectively? The primary photofragment iss83. ¢ The primary photofragment isz8,.

4.2.5. G(d®I1g) Swan SystenThe G Swan system, £d°T1y),
12 I I is of importance in combustion, atmospheric chemistry, and
i astrophysics; it has been observed in the photolysis of many
10 K C.H.ACH(A) hydrocarbong? However, this is the first study to demonstrate
< YR 2 that allene is also a source of Gwan system, by irradiating
L gL 193 nm light. The slope in the power-dependence measurement
> [ o5 CoH#CH(X) for C, Swan system is 3.0, which is close to that gf CTable
g 6b--1 -1 1). This study proposes that,@[1,) is generated from the
c photodissociation of €with a two-photon excitation (Figure
i Emt 10)
© 4 '
= . CH+H
— 3t 3
8 oL C;— Cy(dTly) + C, AH=9.84eV (44)
)
m -
0 The G, as mentioned earlier, comes from eqs 38 and 39. Again,
C:H, following the aforementioned saturation in eq 39, the generation
of C, Swan system from £H, needs only three photons,
Figure 11. Energy diagram for the reaction channels frogHgvia consistent with the measured slope value. The highly vibrational
CsHs. excitation in the gQ(d[1g) state, as illustrated in Figure 3b,
] N N probably resulted from an impulsive breaking of one of the
reactions of @Ha + 2hwiggnm — CsHs™ — CgHs™ + H are carbon-carbon bonds of §leading to a nonthermal population

energetically feasible, the fast fragmentation gHE" under distribution (Figure 4).
the collisionless condition in a vacuum seems less probable, as 4.2 6. G(D!s,*) Mulliken SystemThe slope in the power-

discussed in section 4.2.1. ) o dependence measurement for thg€B2>,*) Mulliken system
4.2.4. CH(AA). In the primary photodissociation of allene g 1.9, in contrast to 3.0 for the;@FTTy) Swan system (Table

at 193 nm measured using translational spectroscopy, Jacksorl). Moreover, G(DIZ,*) is ~3 eV higher than @dPIly),*

et al. observed that the internal energy distribution gH{ indicating that the two electronic states of &e produced from

peaked at 2.4 eVZ Energetically, the formation of CH() different channels. The production of the(D!=,*) states are
can be realized with two-photon (193 nm) excitation of allene roposed to be via i, as

via the internally hot gH3 of 2.4 eV, as follows.
CH,—CH,+H, AH=3.60eV (38)
CH,—CH;+H, AH=3.81eV (42)
and
and
CH,—CH, + C2(D12u+), AH=12.46eV (45)
CH;— CH, + CH(A’A), AH=7.12eV  (43)
In the processes of eqs 38 and 45, three photons are required
The large amount of internal energy insdz makes the for generating @DX,™) from C3H,, as depicted in Figure 10.
formation of CH at XIT or A2A via eq 43 energetically possible  Similar to eq 39, optical saturation in eq 45 is also assumed
(Figure 11). For CH (RA), the slope of 1.3 in the power- when GH, is excited at 193 nm. This assumption makes
dependence measurement, rather than 2 expected from eqs 4@nderstandable the measured slope of 1.9 f#D&,*) via eqs
and 43, could be a consequence of partial saturation in eq 43.38 and 45. Meanwhile, the same absorption cross section of
This would further suggest that the absorption cross section (atCsH; (Table 2) has been applied, as was used in eq 39 of section
193 nm) of internally hot gH3 is larger than 6< 10719 cn¥ of 4.2.1, to simulate the power dependence of theMuilliken
allene. This suggestion is indirectly supported by a recent system using eq 17. The solid line in Figure 8b agrees fairly
measuremept that the propargyl radical ¢Els) has an absorp-  well with the experimental data.
tion cross section of 1.2 10717 cn? at 242 nm £* — ), and 4.2.7. C(2p33P°) — C(21? 1S).In this experiment, the narrow
several otherr* — 7 andz* <— p transitions are calculated to  dispersed-emission line observed at 247.9 nm has been assigned
be located in the spectral range 2200 nm. The partial to be the transition of C(2p3$°) — C(2p? 1S) in the carbon
saturation has also been examined by comparing the experi-atom. The corresponding energy levels of the C atom are
mental data with a simulation using eq 18. A good agreement illustrated in Figure 12! The C(2p3s!P°) state promotes an
is achieved (Figure 8a) when the absorption cross section ofelectron from 2p to 3s in nature. The observed atomic line at
CsHg3 is set to be larger than & 107! cn? (Table 2). This 247.9 nm is a consequence of the laser-induced fluorescence
agreement also confirms the optical saturation in eq 43 underof C(2p3s!P°?) — C(2? 1S) with C(2% 1D) being excited by
the present experimental condition. the 193 nm laser at a coincidental resonance. The mechanism
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C(2p3s 'P?) A kinetic model is developed to interpret the laser-power
dependence in generating these photofragments in multiphoton
processes. In the reaction mechanisms, competition between
photodissociation and ionization is discussed. The vibrational
193.1 nm population in the d®I1g) state is found to be inverted to a
thermal equilibrium distribution. This study raises an interesting
question. What kind of potential energy surfaces in the dis-
sociative G will lead to the formation of the vibrationally
excited G(d®I1y) state in the photodissociation of allene? To
answer this question, more experimental and theoretical studies

247.9 nm

c(2p?'s)

C(2p*'D)
1.264 eV

2 3,
. . c@p” P) are needed in the future to gain insight into the related reaction
Figure 12. Energy level diagram for the carbon atom. d .
ynamics.
of C(2'D) 1930m C(3F) 247_-?”mc(215) has been studied previ- Confirmation of the large qbsorpt!on cross sections ML .
ously in the photodissociation of CO at 193 A58 and GH; at 193 nm must await additional spectroscopic studies

of these molecules. High-resolution laser spectroscopic studies

of CsHs and GH; for the electronic excitation energies and

absorption cross sections would be very helpful in examining
C,—C,+ c(z;f 1[)), AH=8.72 eV (46) the proposed saturation in the reaction mechanisms. Rotationally

resolved vibronic spectra of ;83 and GH, would enable

Following the processes in eqgs 46, 38, and 39, the measuredefinite geometry determination. Isomerization processes among

power-dependence slope of 4.2 for C(2f33 is understandable  the possible isomers of these floppy molecules, in light of high-

to be one unit less than expected. The short counting of oneresolution laser spectroscopic observation, would be of great

photon, again, is due to the partial saturation in eq 39. importance in studying reaction dynamics.

4.3. Suwey of Photodissociation/lonization Mechanisms.
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